Background: Evidence is lacking concerning the suitability of using bovine dentine in endodontic research. This study compared the mechanical properties of human and bovine root dentine using endodontic medicaments and irrigants. Methods: Standardized human and bovine dentine bars were allocated to six experimental groups (n = 15): calcium hydroxide paste (Calasept â Plus); Odontopaste
INTRODUCTION
Laboratory tests are necessary to determine if root canal medicaments and irrigants alter the mechanical properties of dentine, especially when new products are first released onto the market. Whilst it is preferred to use human dentine for such tests, due to ethical and logistical restrictions and difficulty in obtaining sample homogeneity, bovine dentine is commonly used. Several studies have compared the chemical and physical structure of human and bovine dentine in an attempt to verify the validity of using bovine dentine. [1] [2] [3] [4] [5] However, very few studies have compared the mechanical properties, with most having compared dentine microhardness, some reporting human dentine to have a higher microhardness value 6, 7 and others found no significant difference. 8, 9 Currently, there is insufficient evidence to determine if bovine root dentine is a suitable alternative to human root dentine when testing the effect of endodontic materials on the mechanical properties of dentine.
Calcium hydroxide displays antimicrobial 10 and tissue dissolving 11 properties and is the most commonly used intracanal medicament. 12 The hydroxyl ions released in an aqueous environment react with bacterial cells and disrupt cellular processes with effects including protein denaturation, lipid peroxidation of cell membranes, and splitting of DNA strands. 13 Odontopaste â (Australian Dental Manufacturing, Brisbane, Qld, Australia) is a contemporary steroid/ antibiotic paste with antimicrobial activity 14 but with no published literature on its effects on dentine.
Sodium hypochlorite (NaOCl) is the most commonly used endodontic irrigant. 15 It displays excellent antimicrobial 16 and tissue dissolution properties 17 due to its high pH and chloramination action. 18 Consequently, NaOCl has been suggested as an intracanal medicament. 19 However, to date no study has reported the use of NaOCl as an inter-appointment dressing, although an Australian company (Dentalife, Ringwood, Vic., Australia) recently developed novel NaOCl gels to be used as intracanal medicaments.
With the organic component of dentine composed of 90% collagen, NaOCl can degrade dentine thereby affecting the mechanical properties. 20 Most laboratory studies have shown that an increase in the concentration of NaOCl has a negative effect on the flexural strength and modulus of elasticity of dentine. [21] [22] [23] However, studies with contrasting results have also been published. 17, 24, 25 Exposure to NaOCl has also been shown to reduce dentine microhardness. 25, 26 Only one study assessed the effect of a NaOCl gel formulation on the mechanical properties of dentine, 27 reporting no significant difference in the microhardness of radicular dentine when exposed to 0.1 mL of either a 5.5% NaOCl gel, 2.5% NaOCl solution or a 6% NaOCl solution with surface modifiers for 15 min.
Therefore, this study aimed to compare the mechanical properties of human and bovine root dentine by testing using 0.5% and 1% NaOCl gels, calcium hydroxide paste, Odontopaste â , and 1% and 4% NaOCl solutions.
MATERIALS AND METHODS

Preparation of dentine specimens
Thirty-five intact human permanent maxillary and mandibular premolars, extracted for orthodontic reasons, were collected with the patients' informed consent and approval by the Ethics in Human Research Committee of The University of Melbourne (Ethics ID no. 1543824). Thirty-five bovine permanent mandibular incisors were sourced from an abattoir. All teeth were stored in 0.4% thymol solution at 3°C immediately after extraction. Each tooth provided a maximum of four dentine bars.
Dentine bars were prepared by longitudinally sectioning teeth using a Minitom precision cut-off machine (Struers, Ballerup, Denmark) with a diamond-coated cut-off wheel (Struers, Ballerup, Denmark) under continuous water flow. This resulted in rectangular dentine bars measuring 0.8 mm 9 1.2 mm 9 10 mm. The bars were finished with 2500 grit silicon carbide paper (Wetordry Tri-M-ite TM , 3M, St. Paul, MN, USA) using a TegraPol-25 polishing machine (Struers, Ballerup, Denmark). The bars were then inspected for irregularities and cracks using a microscope at 24 9 magnification (M€ oller-Wedel International, Wedel, Germany) and then stored in 0.9% sterile-unbuffered saline solution (Baxter, Old Toongabbie, NSW, Australia) at 3°C until further use.
Exposure to medicaments
A total of 105 human dentine bars and 105 bovine bars were evenly distributed to the control and experimental groups for each substrate (n = 15): Angelholm, Sweden) (c) Odontopaste â -0.5% calcium hydroxide, 1% triamcinolone acetonide and 5% clindamycin (Australian Dental Manufacturing, Kenmore Hills, Qld, Australia) (d) 0.5% NaOCl gel (Dentalife, Ringwood, Vic., Australia) (e) 1% NaOCl gel (Dentalife, Ringwood, Vic., Australia) (f) 1% NaOCl solution (Dentalife, Ringwood, Vic., Australia) (g) 4% NaOCl solution (Dentalife, Ringwood, Vic., Australia). The dentine bars were completely immersed in 10 mL of the test medicament and were exposed to them for 7 days at 37°C and 100% humidity. Then, the bars were rinsed with distilled water and immediately subjected to a three-point bend test.
Three-point bend test
The 105 dentine bars in each substrate group were tested using an Imperial 1000 load testing machine (Mecmesin Limited, Slinfold, West Sussex, UK). The dentinal tubules were parallel to the cross-head and the bars were kept hydrated with distilled water during testing. The load testing machine was run at a cross-head speed of 1 mm/min until fracture. Data were recorded using Emperor TM software (Mecmesin Limited, Slinfold, West Sussex, UK) to calculate the load-displacement curve. Young's modulus and the flexural bend strength were calculated using standard equations. 28 
Microhardness test
Dentine microhardness was measured using a Vickers microhardness tester model 402-MVD (Wolpert Wilson â Instruments, Aachen, Germany). The bars were placed in the apparatus with the pulpal surface towards the indenting stylus. Four separate indentations were made using a 200 g load and a 10 s dwell time with a distance of at least 500 lm between indentations. The four values were averaged to produce one Vickers hardness number (VHN) for each specimen.
Statistical analysis
The elastic modulus, flexural strength and Vickers hardness values were corrected for lack of normality using logarithmic transformation. The medicaments were compared using one-way analysis of variance (ANOVA) with Fisher's pairwise comparison. The results for human and bovine dentine were compared using two-way ANOVA with Fisher's pairwise test. Statistical significance was set at the 5% level and analyses were carried out using Minitab 17 (Minitab Inc., State College, PA, USA).
RESULTS
Human dentine
The modulus of elasticity, flexural strength and microhardness values of the control and experimental groups for human dentine are shown in Tables 1-3 respectively. Exposure of the human root dentine bars to calcium hydroxide and Odontopaste â did not result in a significant change in the modulus of elasticity, flexural strength and microhardness compared with the control. Whilst exposure of human dentine to the 0.5% NaOCl gel did not result in a significant reduction in the modulus of elasticity (Table 1) , it did result in a significant reduction in the flexural strength (P < 0.001) ( Table 2) and microhardness value (P = 0.02) ( Table 3 ). In decreasing order of the modulus of elasticity, flexural strength and microhardness values, exposure of human dentine to the 1% NaOCl gel, 1% NaOCl solution and 4% NaOCl solution resulted in a significant reduction in the mechanical properties compared with the control (Tables 1-3 ).
Bovine dentine Tables 1-3 display the modulus of elasticity, flexural strength and microhardness values of the control and experimental groups for bovine dentine respectively. Following exposure to calcium hydroxide paste and Odontopaste â , only calcium hydroxide resulted in a significant change to bovine dentine's mechanical properties with a significant reduction in the flexural strength (P = 0.02) ( Table 2) . A similar trend to human dentine was seen in bovine dentine following exposure of the NaOCl experimental groups. However, exposure to the 0.5% NaOCl gel resulted in a significantly lower modulus of elasticity compared with the 1% NaOCl gel (Table 1 ) and the opposite was seen for microhardness values (Table 3 ). There was no significant difference between the flexural strength of bovine dentine following exposure to the 0.5% and 1% NaOCl gels ( Table 2 ). The surface roughness of bovine dentine exposed to the 4% NaOCl solution prevented measurement of the microhardness and this group was excluded from microhardness testing. 
Comparison of human and bovine dentine
The modulus of elasticity, flexural strength and microhardness for human and bovine dentine following exposure to the control and experimental groups are shown in Table 4 . Overall, human dentine had a 1.13 times greater modulus of elasticity than bovine dentine (P = 0.001). However, this was not statistically significant for the control group. Human dentine displayed a significantly lower flexural strength than bovine dentine in both the control group (P < 0.001) and overall (P = 0.004). Human dentine displayed a 1.47 times greater microhardness than bovine dentine (P < 0.001).
DISCUSSION
This study used dentine bars with all four surfaces exposed to relatively large volumes of the medicament or irrigant, over a 7-day period. Whilst these conditions differ from the clinical scenario, as a laboratorybased study, the protocol allowed for a controlled and standardized environment to observe and compare effects and differences. This is particularly important in preliminary studies to analyse the effects of new materials on dentine, and to add to the limited research into the differences between bovine and human dentine. When endodontic treatment is completed in two or more appointments, generally there is a period of at least 7 days between appointments, hence the exposure period in this study for the dentine bars. Whilst this time-frame was sufficient to demonstrate changes in dentine properties in some instances, longer time periods could possibly have shown more changes where none were seen after the 7 days. This is a limitation of this study indicating the need for further investigation. The rectangular shape of the dentine bars allowed standardization of the dentinal tubule orientation. This is important as the elastic modulus and flexural strength of dentine is dependent on the orientation of the mineralized collagen fibrils. 29, 30 The tubules were orientated parallel to the applied force in this study.
Comparison of human and bovine dentine
Despite the lack of evidence for its use, studies have used bovine dentine 31, 32 possibly on the basis that in terms of chemical composition, bovine dentine rather than other animal dentine, is the most suitable substitute for human dentine in laboratory-based studies. 5 Additionally, bovine teeth are more readily available and provide a large specimen compared with human teeth. The results of this study show a significant difference in the mechanical properties between the two substrates.
In addition to the differing composition and microstructure of the two substrates, other factors that may contribute to these differences include orientation of dentinal tubules, 29, 30 age of dentine 33, 34 and the presence of sclerotic dentine. 35 Human dentine has been shown to have a higher degree of mineralization 5 and lower tubule density than bovine dentine with no significant difference in the tubule diameter between substrates. 1, 3 Therefore, human dentine is a more brittle substrate than bovine dentine, which may explain the lower flexural strength of the human dentine control group compared with the bovine control group. Further investigation, such as fracture toughness tests, may provide more information explaining the differences between these two substrates. Although the differences were statistically significant, the factors by which the two substrates differed, 1.13 for modulus of elasticity and 0.89 for flexural strength, were small.
The finding of a higher microhardness value of human dentine was supported by previous work. 6, 7 Because human dentine is more mineralized than bovine dentine, 5 and as microhardness is an indirect measurement of mineral content, human dentine consistently displayed a higher microhardness value than bovine dentine in this study. The age of the dentine may also be a contributing factor where aged dentine was found to have a higher hardness. 34 The age of the animals from which the teeth were obtained for this study was around 30 months and root development was complete. The ages of the human teeth ranged from approximately 14 to 25 years and hence the root development may have been relatively further advanced. Therefore, whilst within each group the ages were similar, the age-related relative performance in the tests between bovine and human teeth is an area requiring further research. Nevertheless, overall, this study showed similar trends in the human and bovine specimens following exposure to the medicaments.
Calcium hydroxide and Odontopaste â
The lack of significant change in the elastic modulus following exposure to calcium hydroxide supports the results of previous research using a similar study design with human dentine. 21, 34 Currently there are no other studies assessing the effect of Odontopaste â on the mechanical properties of dentine, so this is the first to report no change in the elastic modulus.
Odontopaste â had no significant effect on the flexural strength of human or bovine dentine. However, whilst the calcium hydroxide paste produced no significant change in the flexural strength of human dentine, there was a significant reduction in the flexural strength of bovine dentine. The results of this study differ from those of previously published studies. Studies using human dentine reported a significant reduction in the flexural strength following a 7-10 day exposure of calcium hydroxide 21, 36 , whereas a study using bovine dentine found no significant change. 37 These contrasting results are likely due to differing concentrations, exposure times and testing methods and were reflected in a systematic review analysing the effect of calcium hydroxide on the mechanical properties of radicular dentine. 38 The review included studies using human, bovine and ovine dentine and concluded that the majority of laboratory-based studies showed a reduction in the mechanical properties of dentine following exposure to calcium hydroxide for 5 weeks or longer, although the data were inconclusive for shorter exposure periods. 38 Similar to the flexural strength and the results of a systematic review, 38 there are conflicting results regarding the effect of calcium hydroxide on dentine microhardness. Yassen et al. 39 and Yilmaz et al.
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reported no significant difference after a 1-2 week exposure, whereas Yoldas ß et al. 41 found a significant reduction after a 3-day exposure to calcium hydroxide. However, Yassen et al. 39 and Yilmaz et al. 40 used NaOCl during mechanical preparation and Yoldas ß et al. 41 used saline, which may account for the different findings.
Sodium hypochlorite
Most studies using a three-point bend test indicate that NaOCl solutions cause a concentration-and time-dependent reduction in elastic modulus in human root dentine bars. 21, 22 Exposure to 3-9% NaOCl for 1-2 h has been reported to result in a significant reduction in the elastic modulus of dentine. 21, 22 However, a 1-h exposure to 1% NaOCl and a 2-h exposure to 0.5% NaOCl produced no significant reduction in elastic modulus compared with the saline control. 22 Similarly, previous studies showed a concentrationdependent reduction in the flexural strength of dentine following exposure to NaOCl solutions. 21, 22 It is difficult to compare the present results with these studies due to differing exposure times and concentrations, nevertheless, a similar concentration-dependent trend was found in this study.
Several studies reported that exposure to NaOCl resulted in no significant reduction in the modulus of elasticity and flexural strength of human dentine bars using a three-point bend test. 17, 24, 25 The varying methodologies may account for these contrasting results. Machnick et al. 24 and Cullen et al. 17 stored the extracted teeth in chloramine-T which is an Nchloromide compound that contains active chlorine. 42 Whilst it is a weaker chlorine-based oxidant than hypochlorous acid from which NaOCl is derived, 43 it will still degrade collagen. Furthermore, chloramine-T has been shown to leach out of teeth for a period of 4 weeks or more after being transferred to distilled water. 44 Therefore, the chloramine-T storage solution may account for the lack of differences between the control and experimental groups. The short 5-min exposure time to only one surface in Marcelino et al. 25 explains the absence of negative effects of NaOCl on flexural strength.
The effect of the NaOCl experimental groups on the modulus of elasticity and flexural strength of bovine dentine differed slightly from those in human dentine. It was hoped that bovine dentine might improve the standardization of the samples using dentine of a similar age from intact teeth. However, the variation in the microstructure of dentine and variables such as the orientation of dentinal tubules may negate the possibly improved homogeneity in the bovine samples and account for these contrasting results. Few studies have investigated the effect of NaOCl on bovine dentine. Soares et al. 32 reported no significant difference to the flexural strength of endodontically treated bovine teeth using 1% NaOCl solution compared with non-endodontically treated teeth. However, the exposure time was not standardized and the dentine bars were prepared after exposure.
In this study, in decreasing order of microhardness values, the 0.5% NaOCl gel, 1% NaOCl gel, 1% NaOCl solution and 4% NaOCl solution resulted in a significant reduction in microhardness value for human and bovine dentine compared with both the saline control and between these NaOCl groups. Sodium hypochlorite degrades the collagen network in dentine 45 and so the hydroxyapatite crystals are not as well supported, which may account for the reduction in microhardness following exposure to NaOCl. The results from this study are in line with the reported concentration-dependent effect of NaOCl on bovine root dentine microhardness. 31 The majority of studies assessing the effect of NaOCl solutions on the microhardness of human root dentine have short exposure times of 5-15 min and have shown that concentrations of 1-6% significantly reduce the microhardness values of dentine compared with saline. 25, 26 Garcia et al. 27 assessed the effect of three NaOCl formulations on the microhardness of human radicular dentine. Dentine was exposed to a 2.5% NaOCl solution, 6% NaOCl solution with surface modifiers and a 5.5% NaOCl gel intended for use during mechanical instrumentation. All three formulations reduced the microhardness, however, in contrast to the findings of this study no statistically significant differences between the groups were observed. This may be due to the small volume of medicaments used, 0.1 mL, a short exposure time of 15 min and only one dentine surface being exposed to the medicaments.
Owing to the size of the indentation area, the indentations of this study and previous studies have included both intertubular dentine (ITD) and peritubular dentine. Therefore, the hardness values are a composite average. As ITD matrix governs the elastic behaviour of dentine, 46 nanoindentations of ITD using an atomic force microscope may have the potential to provide a greater understanding of the effects of intracanal medicaments on the mechanical properties of human and bovine dentine. 47 Although a lower concentration of the NaOCl gel may not display a significant alteration to the mechanical properties of dentine, it will have a negative impact on its antimicrobial properties. Any significant change to the mechanical properties of dentine may result in an increased risk of tooth fracture. With reported high healing and functional retention rates of 94-95% following endodontic treatment, 48 the use of a material that may increase the risk of fracture should be used with caution.
CONCLUSIONS
Whilst the mechanical properties of human dentine differed from those of bovine dentine following exposure to varying medicaments with the actual values differing, the two substrates showed similar trends. Therefore, the results of this study support the use of bovine dentine in laboratory-based studies assessing the mechanical properties of dentine, but care must be taken when interpreting the results. Within the limitations of this laboratory-based study, the 0.5% and 1% NaOCl gels seem not to be suitable for use as intracanal medicaments.
